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CONTRACT DESCRIPTION

The purpose of the research program is to investigate energy exchange

and energy loss mechanisms in discharge plasmas and their afterglows.

*Specific mechanisms which have been investigated in our laboratory

include: (a) metastable interactions, such as dissociative excitation and

Penning ionization, (b) collisional broadening and level shifts in

- excited states produced by the presence of a buffer gas and/or electrons,

and (c) electron loss mechanisms due to volume recombination.
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I. INTRODUCTION

This research program deals with the kinetic and radiative processes

occurring in a dense mixture of alkali vapor and a noble gas buffer which

has been excited by short, powerful laser pulses.

A variety of devices, including atmospheric pressure lasers, high

current/low inductance switches, high efficiency lamps, and inertial

confinement fusion targets utilize similar, excited atomic vapors at

high pressures. With the current interest in these devices, the role

of collisional and radiative processes involving highly excited (Rydberg)

states has taken on a new importance. A common feature of all these

devices is that energy is deposited into the system in the form of

large densities of ion/electrons, metastable species, and various

excited neutrals. This energy is then transferred to some desired channel;

e.g., a lasing transition, electron production, electron heating, etc.

The efficiency of this energy transfer and, indeed, the efficiency of

the initial excitation process, depend on the specific collisional and

radiative processes occurring in the mixture. For instance, radiation

loss depends strongly on the degree of radiation trapping, which in turn,

depends on the collisional linewidths and shifts of the transitions

involved.

The general experimental approach of this work consists of exciting

the mixture in a time short compared to the time in which the system

relaxes. The behavior of a freely relaxing system may then be related to

the fundamental processes occurring in the system. This is the rationale

behind our earlier conventional afterglow experiments which have yielded a

great deal of information regarding the behavior of gaseous discharges at

4 3 . . .w, . o _." -.. ,- ,.. %..*.. .... * .. -.. . ., \ X- i c-'- *- ; : -. . . -
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lower pressures.

The present work differs from conventional afterglow experiments

in that the latter use some form of microwave or radio frequency break-

down as the source of excitation, whereas this work uses optical frequency

(laser) excitation. The absorption of optical energy from high power

laser pulses may be well characterized, and therefore the initial conditions

of the excited vapor are well known. In contrast, microwave and radio

frequency breakdown are typically stochastic and the initial conditions

of the excited system varies substantially from pulse to pulse. Further-

more, microwave and radio frequency breakdown is difficult to achieve at

the high pressures with which this study is concerned.

' 4 ~ 4~U "-. *"- "- ".* .. ,.. -.. ."- " " .,- "- ". '- ". "- .- .. i.',.
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II. PROGRESS REPORT

Kinetic processes in Na + R.G. mixtures have been examined for

rare gas densities between 400 and 2000 Torr and Na densities up to 1

Torr. Electron/ion densities up to 1015 cm 3 are obtained under typical

experimental conditions.

We have measured excitation rates for Na(3p) + Na(3p)

Na(4,5,6d n 6s) + Na(3s) collisions, spectral line shifts due to buffer

gas collisions and stark shifts due to electron collisions, and electron

densities and electron temperatures in the afterglow of high power laser

pulses. This final contract period concentrated on spectral line shifts

in Na due to collisions with Ar, He, and Kr.

A number of interesting effects occur when a dense sodium vapor is

excited by laser radiation tuned to one of the D lines. In particular,

(1) complete ionization has been observed when high power, pulse lasers

are employed and (2) surprisingly high densities of atoms are observed

2
in the nd (n-3,4,5) and ns (n-5,6) levels when a CW laser is employed

3
Theoretical calculations indicate that the ionization present in

tspsinsthe first case is due to electron heating via superelastic collisions

followed by electron impact ionization. A small initial number of electrons

(seed electrons) is supplied by several, comparatively weak mechanisms

including associative ionization and two photon ionization of the 3p

state atoms.

In order to observe these effects on a time resolved basis, we used

short (4 us) laser pulses to excite the 3p states and create the initialelectron density. The experimental arrangement is shown in Fig. 1.

Kopystynska and Kowalczyk4 had earlier used short laser pulses to excite

1Z.
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the D lines and observe subsequent radiative emission from excited nd

and ns states; however, they made no attempt to independently vary the

seed electron concentration by using a second ionizing laser pulse as is

described in this experiment.

0

'

'.'" '

-*=0

* 4°*0 " ' " " " " ' . " - , " - ; " , ; ; : " - '% - . ' , ' " " . ' ' ' ; , ' " " • " . " - '' . , "" " • ." " . " .



-~ 7

THREE PHOTON ABSORPTION PROCESSES

4 The optical emission from the ionized volume at times greater than

0.5 ps after the laser pulse results from collisional-radiative recombina-

tion processes. If one integrates this emission signal over all times

and over all wavelengths, the number of photons collected is proportional

to the total number of ion-electrons formed in the excitation-ionization

process.

If a second (blue) laser is tuned through a 3p-nd (ns) transition,

the number of "seed" electrons produced is proportional to the transition

moment, the laser intensity, and the photoionization cross section of the

nd (ns) state. The "seed" electron density in turn determines the ultimate

*" ion/electron density. If we observe the integrated emission from the

interaction zone and scan the frequency of the second laser, we obtain

the spectrum shown in Fig. 2. Since the excitation of the nd (ns)

excited state takes place only during the 4 ns laser pulse, well before

the ion/electron density reaches its peak, the shift of the spectral

lines as observed while tuning the blue laser through a transition is

due only to the presence of the buffer gas.

Line Shifts. One can deconvolute the wavelength dependence of the

* S ion yield and obtain the line width of the 3p-nd transitions. Because

the line width parameters for these transitions have recently been

measured using a photon echo technique, it was decided to concentrate on

the line shifts which cannot be measured by photon echo techniques.

Providing the laser bandwidth is significantly narrower than the bandwidth

of the resonant transition, the wavelength of maximum ionization corresponds

to the maximum of the line shape function. The maximum of the line shape

.............................................e..~- •* -. - . .- .



8

function defines the line center, even for an asymmetric profile. Thus,

it was possible to measure the line shifts without resorting to a detailed

deconvolution of the resonance ionization spectra.

In order to attain a sufficiently narrow bandwidth from the

photoionizing dye laser, the laser was modified by insertion of a 25X

* telescope in the laser cavity in place of the standard 1OX telescope.

- The bandwidth of the modified laser was measured with a Im grating
o

monochromator in the third order and found to be 0.15 A compared with

the standard bandwidth of 0.4 X. In all measurements, the apparent

width of the line profile was at least a factor of four greater than the

laser bandwidth, so that any error in measuring the line center due to

the finite bandwidth of the laser was small.

Figure 1 is a schematic of the apparatus used to determine the

line shifts. Following an optical delay of 8 ns, the output of the

ionizing laser was combined using a 50 percent transmitting beam

splitting mirror with the output from the laser tuned to the 3s-3p

transition. The result was a superposition of the two monochromatic

beams to form two di-chromatic beams. One of the resulting di-chromatic

beams was directed to a cell containing sodium and approximately 0.5

amagats of noble buffer gas. One beam was directed to a cell containing

sodium with no buffer. The resonance ionization signals from both cells

were recorded simultaneously by the computer as the wavelength drive of

the photoionizing laser is advanced across the transition. Figure 2 is

a scan of ion yield versus laser wavelength taken for the high pressure

cell over a broad range of laser wavelength. Figure 3 is a typical scan

showing the resonance ionization signal from both cells as they were

recorded simultaneously by the computer. The scan is a doublet in the

.°.'.A
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high pressure cell due to collisional mixing of the 32p3/.1 /2 levels

by the rare gas atoms. In the low pressure cell, this mixing does not

occur and therefore only one resonance is recorded.

The ion yield in the low pressure reference cell was monitored

directly by collecting the ions and electrons at appropriately biased

parallel plates. The resulting current pulse in the load resistor was

a direct measure of the number of ions produced, provided that space

charge effects at the plates, Debye shielding effects in the pro8 ion

region, and gas breakdown are avoided. To prevent these difficu es,

the cell was typically operated at a temperature less than 2500( A

the collection voltage was maintained at less than 10 v/cm. By c -ating

the cell at such a low temperature the ion density was no more than

8 -3
10 cm implying an initial Debye shielding length of about 0.1 cm

and hence the absence of space charge effects in the production region

or at the collection plates. The load resistance was typically 20 K2.

The relative charge per pulse flowing through the load resistor was

measured by integrating the voltage across the load resistor during a

time window larger than the duration of the current pulse:

Q p > > T  l(t) dt
pulse o

= f /t>> V(t) dt
RLo

where T signal pulse length.

This was accomplished using a PAR 160 boxcar integrator in the fixed

delay mode, which permitted an adjustable degree of signal averaging over

several laser pulses.

The ion yield in the high pressure cell was monitored by observing the

%1
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total recombination signal on a strong, low lying atomic transition. This

is a measure of the relative ion yield. Because of the long, slow decay

of the fluorescence, it was advantageous to use photon counting techniques

in recording the recombination fluorescence. The principal advantage

of photon counting is the suppression of noise by not counting pulses

below a certain magnitude fixed by the discriminator. Since the pulse

height distribution of noise pulses (also called "dark count pulses') is

*weighted toward lower magnitudes relative to the pulse height distribu-

tion of signal pulses, photon counting improves the signal to noise

ratio over simple tube current measurements. A limitation of photon

_.e counting is saturation of the signal at high count rates. This occurs when

the average time between photon pulses becomes such that the counter

has insufficient time to recover between counts. The SSR 1110 photon

counter has a rated pulse pair resolution of 12 ns, which permits linear

intensity measurements up to about 20 photons per mior)second. Experi-

mentally, the recombination emission photon count was observed to depart

from linearity at about 100 counts per laser shot as tested with calibrated

neutral density filters. This is approximately the behavior anticipated

considering the decay time of the recombination emission (see Figure 3).

Relative ion yield data was always taken at count rates corresponding to

less than 100 counts per laser shot.

Figures 4, 5, and 6 show the measured line shift parameters for

the 32P - n2D transitions with argon, krypton and helium perturbers

respectively. Also shown in Figure 4 are the shifts calculated using

the Lindholm-Foley5 approximation, which is the impact limit of Anderson

theory 6 . It is seen that for argon, the Lindholm-Foley approximation

Ad departs sharply from experiment for levels above about n = 6. This is

d, 2
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to be expected since the impact approximation assumes that the time

between collisions is much greater than the duration of collisions. At

n = 7 in argon the time between collisions, T, is:

1 0-11

n a <v> 10 sec

while the duration of collision is about T % 10- 1 2 sec.C

Also shown in Figures 4, 5, and 6 are the predictions of the Fermi

7
model , with polarization corrections, and results from previous work

on the principal series transitions. The principal series transitions

are seen to be more strongly shifted at low quantum number than are the

diffuse series transitions, but approach the same limit at high quantum

number.

S.", "" "" •"'"' " "" ' / " / '" " """ - -,' ' ' " '[ '\- "'L-'' '
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CONCLUSIONS

Following the investment of a sbstantial amount of energy in the

saturation of the resonance transition, the evolution of the system

divides itself into two distinct time domains. The first time domain

extends over the trapped lifetime of the resonance transition during

which most of the energy of the system is stored in the large population

of excited Na(3p) atoms. The second domain extends over the recombination

time for the Na *ions, during which most of the energy of the system is

associated with ionization. Within the trapped lifetime of the Na(3p)

resonance state, substantial populations of atoms are found in levels

with energies roughly twice the energy of the Na(3p) atoms. A second

laser tuned to the pnotoionization threshold of the Na(3p) atoms produces

appreciable ionization. Enhancement of the ionization by electron impact

excitation is observed. While a large concentration of Na(3p) atoms is

present, a transfer of some population to higher energy levels, including

the continuum, occurs via electron impact collisions and excitation

transfer collisions. The electron impact process dominates collisional

ionization, while excitation transfer collisions appear to dominate the loss

to higher energy levels. The measured rate constant for excitation

transfer to the Na(4d) level was found to agree roughly with the value

calculated by Kowalczyk. For other levels, the decline in excitation

transfer rate constant with energy level was found to follow approximately

the reduction in the fraction of atoms in a Boltzmann distribution with

kinetic energies greater than the energy defect.

Once the large density of Na(3p) atoms has radiatively decayed, the

principal reservoir of energy is the population of ions and free electrons.

% -V-.
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"" This is the second time domain of the afterglow. Recombination occurs

"-". on a many-microsecond time scale. No evidence of dissociative or

- neutral stabilized recombination is observed. The dominant energy loss

... mechanism is atomic line emission.

The shift of atomic energy levels due to the presence of the high

density of buffer atoms is found to agree well with the Lindholm-Foley

approximation of Anderson theory at low principal quantum number and

with the Fermi limit at high quantum number. This work shows, for the

first time, that the diffuse series transitions approach the same limit

for their shifts at high quantum number as do the principal series transi-

* -- tions. While this result is expected based on Fermi's analysis, and

the equality of the Fermi limit for the principal series of different

alkali atoms has been experimentally established, the equality for dif-

ferent angular momentum states further validates the correctness of the

theory.
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Figure Captions

Figure 1. Schematic of the apparatus.

Figure 2. Scan of ion yield versus the wavelength of the second, ionizing

laser. The ionization limit corresponds to a wavelength of
408 nm.

Figure 3. Ion yield versus laser wavelength for the 3p - 8d transitions
from a scan taken simultaneously in a cell with 400 torr of
argon buffer and a cell with no buffer gas. Two components
are present in the high pressure cell due to collisional
mixing of the 3 2P 3/2 , 1/2 levels.

V Figure 4. Spectral line shifts as a function of principal quantum number
3p - nd. Argon-Na at 400 Torr.

Figure 5. Spectral line shifts as a function of principal quantum number
3p - nd. Kr - Na at 400 Torr.

Figure 6. Spectral line shifts as a function of principal quantum number
3p -nd. He - Na at 400 Torr.
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Figure 3. Ion yield versus laser wavelength for the

3p - 8d transitions from a scan taken

simultaneously in a cell with 400 torr of

argon buffer and a cell with no buffer gas.
.Two components are present in the high pres-

sure cell due to collisional 
mixing of the

3P3/2, 1/2 levels.
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PHYSICAL REVIEW A VOLUME 26, NUMBER 3 SEPTEMBER 1982

Rare-gas, collision-induced shifts of the nD states of sodium

D. J. Krebs* and L. D. Schearer
Physics Department, University of Missouri-Rolla, Rolla, Missouri 65401

(Received 10 February 1982)
We have measured line shifts of the 3P-nD transitions in sodium induced by collisions

with helium, argon, and krypton for n = 5 to 18. The shifts of the diffuse series transitions
increase rapidly with principal quantum number and asymptotically approach the limit
predicted by the Fermi model at high quantum numbers.

I. INTRODUCTION transitions of sodium in collision with krypton, ar-

gon, and helium. The measurements for n =5 and

sion and absorption lines due to collisions have long ments by Kielkopf and Knollenburg' 3 The mea-
been a source of information about the nature of surements at high principal quantum number ap-
low-energy collisions. Line profiles have been used proach the same limit determined by Fuchtbauer
to determine the short-rangei and long-range2 in- et al.14 for the principal-series transitions of Na.
teraction potentials of radiator and perturber atoms
while line shifts have been used to measure the cross
section for collisions of low-energy electrons with II. APPARATUS
perturber atoms: Emission line shifts from plas-
mas have been used to measure electron density and The basic experimental setup is illustrated in Fig.
temperature.4  1. Two N, pumped dye lasers provided 4-ns, 50-/,J

The current interest in the collisional properties pulses at two selected wavelengths. The first laser
of Rydberg atoms has prompted new theoretical was tuned to the 32S--3 2P 31 2 transition in Na at
and experimental investigations of the line shapes 589 nm. The second laser beam was tunable across
and shifts of transitions to Rydberg levels. Brillet various 32p-*n 2D 5/2,3/2 transitions at wavelengths
and Gallagher5 have used Doppler-free two-photon between 500 and 408 nm, the threshold wavelength
spectroscopy to investigate the shift and broadening for direct excitation to the continuum from the 32P

of the ns and nd Rydberg levels of Rb due to col- state.
lisions with noble-gas atoms. The self-shift and The scanning laser output was delayed by 8 ns

-, self-broadening of alkali Rydberg levels has been in- with respect to the fixed-frequency 589-nm laser
vestigated by Stoicheff and Weinberger 6 and Weber and the two beams combined, using a beam-
and Niemax' using Doppler-free two-photon tech- splitting mirror. The result was a superposition of
niques and a thermionic diode ionization detector.
Mossberg et al.8 have used a photon echo technique
to determine the collisional dephasing rates of the ________ N

Nans and Na nd Rydberg levels which are related LASER

' to the Lorentzian linewidths. A simple theory for I AE
- the energy shifts of Rydberg levels was originally-,. 

developed by Fermi.9  Later refinements by .......... * ....
Ivanov' ° and Alekseev and Sobelman1' improved BE 

AM 

To

agreement with experimental data and included C .._-,

linewidth calculations. More recently, Omont 12 has

developed formulas for line broadening at inter- : % -"A ...
mediate levels and broadening due to collisions with Y

i other alkali atoms.

We report here the measurement of line-shift
parameters for the 32P,1 -n "D/2.3/1, (n - 5 to 17) FIG. I. Schematic representation of apparatus.

26 1473 ) 1982 The American Physical Society
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- the two monochromatic beams to form two col- ring in this situation are given in Ref. 15, Mcasures
* linear dichromatic beams. One of the resulting di- and Cardinal provide a more general discussion."

chromatic beams was directed to a cell containing In the late afterglow ( > 2 vs), ions and electrons
sodium at - 370°C and approximately 400 Torr of recombine in a three-body process.
noble buffer gas. The other beam was directed to a Recombination emission from the high-prssure
cell containing sodium at - 200'C with no buffer cell was analyzed by an interference filter, detected
gas. by a photomultiplier, and recorded by an SSR 1110

The high-pressure cell was a commercial synchronous photon counter. The photon counter
stainless-steel cross fitted with sapphire windows on counted recombination photons arriving at the
three sides. The sapphire windows were brazed to dc.1Cctor within a time window extending from I to
Kovar sleeves which were then welded onto Conflat 500 ps after the firing of the lasers. Photon counts
flanges. A high-conductance bakeable valve con- were accumulated for a fixed number of laser shots
nected the cell to a vacuum- and gas-handling sys- (typically 100 shots) after which time the accumu-
tern. The cell was baked for 24 h, at 400"C, on a lated total was reported to a microcomputer. The
system with a base pressure of 5X 10- ' Torr. A microcomputer saved the photon count data in
high-purity sodium ampoule was crushed in a cold memory along with the digitized output of the box-
finger and research-grade noble buffer gas was ad- car integrator and updated a video display of the
mitted to the desired pressure, typically -0.5 atm. data. It then advanced the wavelength drive of the
The low-pressure cell was a Pyrex cell with scanning laser and enabled the photon counter, thus
stainless-steel electrodes which contained sodium initiating another cycle. Signals from both cells
and no buffer gas. The low-pressure cell was were recorded simultaneously by the computer as
operated at temperatures less than 250'C to prevent the wavelength drive of the photoionizing laser was
darkening the cell by reaction of the sodium with advanced across the transition.
the glass walls. The collinear laser pulses photoion-
ize a small number of Na atoms in a three-photon
process. The ion yield in the low-pressure reference III. OBSERVATIONS
cell was monitored directly by collecting the ions
and electrons at appropriately biased parallel plates. Figure 2 illustrates the sequence of events occur-
The low-pressure cell was operated at a low temn- ring in the high-pressure cell after the arrival of the
perature to keep the ion density below 108 cm , laser pulses. In the first -4 ns, the resonant laser
thus avoiding space charge effects in the production 2

sregion or at the colletion plates which might influ-level is
rn- rapidly populated due to collisions with the per-
ence charge collection efficiencies. The relative turber atoms. The scanning laser pulse then popu-
charge per pulse flowing through the load resistor lates the n 2D level and also produces a small num-
was measured by integrating the voltage across the ber of ions via photoionization of the n 2D atoms.
load resistor during a time window larger than the A strong initial fluorescence, due to associative exci-
duration of the current pulse: tation, 16 is followed by the rise and slow decay of

Q fo> t0Iit emission resulting from excited states created in the

1 . >>
-- ft  , V(t)dt , (1),,

where r is equal to the signal pulse length. This
was accomplished using a PAR 160 boxcar integra-
tor in the fixed delay mode, which permitted an ad- Z
justable degree of signal averaging over several laser
pulses. A 20-kfl load resistor was generally used.

In the high-pressure cell, the small number of
"seed" electrons produced by photoionization ulti- 0 5 0 ,
mately yielded a large ion-electron concentration. TIMr ,s
In this case, the seed electrons are superelastically FIG. 2. Fluorescence intensity vs time after excitation
heated by collisions with the highly populated 3p for the 5d-3p transition. Early peak (off scale) is approxi-
state. The hot electrons then collisionally ionize the mately 20 times more intense than the peak of the recom-
Na. The details of the collisional processes occur- bination fluorescence at = 2 ps.

4 . ..-.. . .. .- ..'- . .... ..-, . .. - .-. .- . ..- . . ..-. . .. .. ..- -.. ...-. . . ...- ,
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three-hod), electron stabilized recombination pro- so that the attenuation of the filter at the laser
cess. wavelength was measured. The output of the

In the experiment, the 3p level is first populated monochromator was detected with a photomulti-
bN the 4-ns pulse of photons from the fixed laser plier tube and the resulting signal was digitized and
tuned to the 3s-3p resonance. Following anl 8-ns de- read by the computer. When an incremental change
lay. the scanning laser populates the nd state at a in the transmission of the filter was determined, the
rate determined by the absorption cross section of computer read the number of recombination pho-
the 3p-nd transition. If one assumes that saturation tons recorded at that attenuation and the number of
effects associated with the scanning laser are weak laser shots over which those photons were counted.
or absent, it can be shown that the ultimate ion-to- The integrated recombination fluorescence versus
electron density depends directly on the absorption laser intensity was output in real time to an oscillo-
cross section. The Appendix contains a detailed scope display and the data was stored on magnetic
rate-equation analysis of the absorption-ionization disk at the end of each run.

processes involved in the experiment. Figure 3 shows the intensity dependence of the
The fluorescence from atoms formed in the two-step photoionization process for two transi-

collisional-radiati%e recombination process is dis- tions. Figure 4 shows a theoretical curve generated
tinguished by the wany-microsecond decax charac- through the use of the theoretical analysis of the
teristic of the recombination rate. The details of the Appendix. The 6d-3p transition exhibits the
collisional-radiative model are discussed else- greatest level of saturation, but even this curve exhi-
where."" The majority of atoms returning to the bits quadratic dependence at small intensities, indi-
ground state do so 'ia radiative decay from the 3p cating that two laser photons are involved in the in-
level. Similarly, the majority of atoms reaching the itial absorption.
3p level do so Nia a radiative decay from a low-lying Figure 5 is a scan of the relative ion yield, from
nd or ns level. Consequently. the total recombina- the integrated 5d-3p fluorescence, versus laser
tion emission detected on a strong, low-lying transi- wavelength showing the various nI-3p transitions.
tion represents a reasonable measure of the number The merger of the transition series near the ioniza-
of ions produced during the ionization process. tion threshold at 408 nm is apparent. Figure 6 is a
Through the use of a similar argument, Hinnov simultaneous scan of the relative ion yield in the
showed that his measured intensities of the low- high-pressure cell and the low-pressure cell taken
lying transitions of He and He' were related to the for the 8d--3p transitions. The scan is a doublet in
recombination coefficients of He' and He- , the high-pressure cell due to collisional mixing of
respectivelyi

In principle, the 3p-3s recombination emission
provides the best measure of the relative ion yield, --

but identical results were obtained monitoring the .0
4d-3p or 5d-3p fluorescence. Experimentally, it was
advantageous to use the 5d-3p transition, and the
data presented in this paper were all taken in this 05
manner. Because of the long, slow decay of the r6d -3p
recombination fluorescence, photon counting tech- 0.0
niques were used to detect the recombination emis- O
sion.

The recombination emission as a function of t O -
Cscanning laser intensity was measured for a number J

of transitions with the laser wavelength fixed at line AI

center. The ionizing laser intensity was vaned from z 0.5
about 0.05 to 10 kW through the use of an attenuat- -- 12d-3p
ing filter composed of crossed polaroids. The angle
between the polarization axes of the crossed po- 0.0

laroids was slowly scanned with a motor drive and I i00 05 1.0
the transmission of the filter was monitored LASER POWER (Arbitrory Units)
through the use of a white light source and a 0. 1-ni
monohromator. The setting of the monochroma- FIG. 3. Integrated fluorescence %s intensity of the
tor was adjusted to be the same as that of the laser second laser which was tuned to the 6d-3p transition.

o4 . ° .. .. . . . . . ..
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tonically increasing function of the 3p-nd absorp-
tion cross section, the wavelength of maximum ion-
ization corresponds to the maximum of the line-

0" shape function. The hyperfine splitting of the
n2D5 /,,2/, and 32p levels is much smaller than the

- measured shifts. Hence, any shift in the line max-
- imum due to the broadening of the unresolved
,, as -structure is small and the maximum of the line-

shape function defines the line center. Thus, taking
00 scans similar to that of Fig. 6, it was possible to

00 0 5 oso °o ,0 measure the line shifts without resorting to a de-
3.-0,.. tailed deconvolution of the resonance ionization

FIG. 4. Plot of Eq. (A4) for R 2 =4RI: Ion yield vs spectra.

laser intensity. At low intensities the ion yield depends
quadratically on the laser intensity indicating that a two-
photon process is involved. At the maximum intensity IV. RESULTS AND DISCUSSION

saturation effects occur.
The theory of collisional line broadening and

shifts has been reviewed by several authors. A fair-
the 32P3/2,1/2 levels by buffer-gas atoms. For the ly general method has been developed by Ander-
data shown the buffer-gas pressure is 400 Torr and son 19 which provides a way of predicting line pro-
the scanning laser power is approximately 2 kW. files and shifts from the interatomic molecular po-

Through the use of the detailed analysis in the tentials of the radiator and perturber atoms. With
Appendix, the experimental wavelength dependence appropriate simplifying assumptions, Anderson
of the ion yield can, in principle, be deconvoluted to theory reduces to the less general impact theory.
obtain the line profile of the 3p-nd transitions. Be- Impact theory is applicable provided the time be-
cause the linewidth parameters for these transitions tween perturbing collisions is much greater than the

* have recently been measured using a photon echo duration of those collisions. Departure from im-
technique, s it was decided to concentrate on the line pact conditions occurs in either of two ways: (I)
shifts, which cannot be measured by photon echo with high perturber densities or (2) with highly ex-
techniques. Because the ionization yield is a mono- cited radiator atoms for which the cross section for

li

V'.'s 12-

>_' 15d Ill1
14d

~I'd
J.-J

W

t" ',410 420 430 440
liO WAVELENGTH {(nm)

,q.. ' "FIG. 5. Ion yield vs wavelength of the second laser. At 408 nm, photoionization out of the 3p level occurs directly. At
__% the longer wavelengths, photoionization occurs via a resonant intermediate level ( nd or ns I.
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S...'- where n is equal to the effective principal quantum
number, e is equal to 2.718, and p is equal to a con-
stant characteristic of the perturbing atom. For the
conditions of this experiment Ivanov's expression is
no more than a 10% correction to the scattering: ................... ..... ... .-.., . ............. ... .. ,.

. ',. term given by Fermi.
Alekseev and Sobelman" have shown that pro-

FIG. 6. Ion yield vs wavelength as the second laser is vided
tuned through the 8d-3p transition. Open circles are from 2a_
the high-pressure cell. Two lines shown represent excita- N<, I (4)
tion of both the 3P311 and 3P,12 levels which are col-
lisionally mixed. Solid line is obtained from the low- where v =the average velocity of the perturber
pressure cell and only a single peak appears. atom, the polarization term Ap is given by

A =-6.22(a2')'/ 3N . (5)

the collision between the radiator and perturber Fermi's formula was shown to be appropriate for
atoms is large. cases in which

Royer2 ° has successfully applied Anderson theory 2aN
to the high-pressure regime of the first condition. >>1 . (6)

",
The theories applicable in the second case have been
developed by Fermi,q Ivanov,' 0 Alekseev and Sobel- For the conditions of this experiment
man,"I and Omont.' 2 The data presented in this 2acN/, - 0.06, and therefore the formula derived by
section illustrate the variation of the line-shift Alekseev and Sobelman is used."'

- parameters with energy level for levels extending Thus, theory predicts a shift of
from those for which impact theory is applicable 1
through an intermediate regime, and into the Ryd- A=Ac+Ai,=2ir L + In n
berg regime.

Fermi's theory predicts that the shift of the ener-
gy levels of excited Rydberg atoms A due to col- -6.22(a 2v) 3N
lisions with perturber atoms approaches an asymp- (7)

totic limit given (in atomic units) by Figures 7, 8, and 9 show the measured line-shift
A=2rLN- lOaN 4' (2) parameters for the 32Pa,,-n 2D transitions of sodi-

um due to collision with argon, krypton, and heli-
where A is equal to the shift, a is equal to the di- um perturbers, respectively. The temperature of the
pole polarizability of the perturber atoms, N is cell was -600 K. Also shown are the results ob-
equal to the density of perturber atoms, and L is tained by Fuchthauer and Schultz5 for the
equal to the zero-energy-electron scattering length principal-series transitions and the theoretical pre-
of the perturber atom. This result is independent of dictions of Eq. (7). The agreement with theory is
the properties of the radiator atom or the angular quite good at the highest quantum numbers, except
momentum state of the Rydberg level. The first for the argon data which is about 10% below the
term in Fermi's equation, called the scattering term, theoretical predictions. Brillet and Gallagher5 have
accounts for the scattering of the Rydberg electron also reported unexpectedly small shifts for the 19d
by the noble-gas atoms. The second term accounts level of Rb perturbed by argon. A breakdown of
for the change in energy of the system due to the the scattering length approximation for the Ryd-
polarization of perturber atoms which lie within the berg nd levels perturbed by argon was predicted by
orbit of the Rydberg electron and are therefore sub- Omont1' in the calculation of mixing cross sections,

* ject to the field of the unshielded core. and perhaps this breakdown is reflected in the data
Ivanov'0 has proposed that a more exact expres- presented here. The agreement at high quantum

sion for the scattering term component of the line number with the shifts found by Brillet and Gal-
shift A,, is given by lagher5 for the Rvdbrg n. levels of Rb is good. At

S.%
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FIG. 9. Line-shift parameters for the nd states of Na
FIG. 7. Line-shift parameters for the nd states of Na due to collisions with He at 400 Torr. Solid line is the

due to collisions with argon at 400 Torr and cell tempera- limit obtained from Eq. (7). Dashed line is the limit ob-
ture of 00 K. Solid line shown is the asymptotic limit tained by Fuchtbauer el ol. (Ref. 14) for the 3s-np series.
obtained from Eq. (7).

impact-theory calculations are extensions of the
the highest energy levels, the shifts are seen to ap- theoretical work of Kielkopf and Knollenburg to
proach the same asymptotic limit as measured by higher energy levels. It is seen that, for argon, the
Fuchtbauer for the principal-series transitions. This impact approximation departs sharply from experi-
is the behavior expected based on Fermi's analysis. ments for levels above about n =6. This is to be ex-
One notes that the shift for helium is positive corre- pected since the impact approximation assumes that
spondng to a blue shift while the data for argon the time between collisions is much greater than the
and krypton is negative corresponding to a red duration of collisions. At n = 7, in argon, the time
shift. These shifts are correlated with the sign of between collisions r is (in sec)
the perturbing atom's electron scattering length.

In the case of argon, the previous experimental r:0-- --

results of Kielkopf and Knollenburg13 at the lowest Nor(V)

energy levels are shown along with the predictions while the collision duration is about 10- 12 sec.
of binary-collision approximation calculations. The

CONCLUSIONS
-16

1-.4 . The utility of resonance ionization techniques for

U 12 - studying excited-excited transition line shifts has
been demonstrated. The dependence of the integrat-

o 10 ed recombination signal on laser intensity is con-
-.~sistent with the model of stepwise ionization fol-

-6 * lowed by electron-impact ionization of excited
atoms followed by collisional radiative recombina-

-4 T tion.
UKRYPTONtin

. PERTURBER The diffuse series (3 2 p 3 1 2 -n 2D 5/2.3/2) transitions
. of sodium exhibit less energy shift at low principal

6 10 12 14 16 quantum number than do the principal-series
PRINCIPAL QUANTUM NUMBER (32S 1/ 2-n 2p.3/2. 1/2) transitions. The shifts of the

FIG. 8. Line-shift parameters for the nd states of Na diffuse series transitions increase rapidly with prin-

due to collisions with krypton at 400 Torr. Solid line is cipal quantum number and asymptotically ap-
the asymptotic limit obtained from Eq. (7). Dashed line proach the same limit as previously measured for
is the limit obtained by Fuchtbauer et al. (Ref. 14) for the principal-series transitions. The equivalence of

S"the 3s-nP series. the two limits at high quantum number is the

hS.
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behavior expected based on theory. The agreement scanning laier pulse
of the data with scattering-length theory is excel- dN, ih
lent, except for the argon shifts, which are about ,F
10% smaller than predicted. A dramatic departure d"
of the measured shifts from the impact- dN -r

approximation predictions occurs at levels for dt -p
which the binary-collision conditions no longer ap- dN

ply. dt o'INd (Al)

where r 21(s') is the cross section for induced emis-
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APPENDIX level.
We have used the fact that the laser bandwidth is

norder to simplify the analysis, the experiment much narrower than the transition bandwidth. The

was conducted with the arrival of the scanning laser transition strength contains the line-shape function
pulses in the reaction region optically delayed by Fij(v)=BijK(v), (A2)
about 8 ns with respect to the arrival of the
resonant laser pulses. When the scanning laser where K(v) is the normalized line-shape function

pulses reached the reaction region, the 3p atoms and Bij is the Einstein "B" coefficient. We have
were decaying with their trapped lifetime of about neglected terms involving spontaneous decay and

250 ns, so that during the 4 ns scanning laser pulse, recombination because those processes are negligible
radiative decay terms may be neglected in a rate within the 4-ns time range of the atom-field interac-

equation analysis. Because the collisional dephasing tion. For the time dependence of the laser pulse, we

rate due to collisions with buffer atoms is such that assume a square-wave form

the excited atom loses phase memory before further l(t)=l[O(t)-O(t - ") W)
absorption or emission may occur, coherence effects
may be neglected and a rate equation analysis is ap- where (t)= l if t > 0, and 0 if t < 0, and r is the
propriate. laser pulse width.

We, thus, write rate equations describing the res- The rate equations are then solved to give the net
onance ionization process occurring during the ionization produced by a square-wave laser pulse

-r dN + 
.N+ , (A4)

,0
N+(r)n,(-r=N3,() -jesinh(Rzlr)±cosh(R 2 17J

where R =(r., + r, + a1 )/2, R 2 =(R 3p atoms. The superelastic collision time for these
-ri r 2uz 

2, and N3.(0) is the density at t =0. electrons is about I ns. 22  Additional ionization
Equation (AS) describes the intensity and line- may result from electron-impact ionization of the

• shape dependence of the ionization resulting from Na 3p and Na nd atoms by the superelastically heat-
the two-step photoionization of the Na 3p atoms ed electrons. Typical cross sections23 for these col-
which occurs during the 4-ns (full width at half lisions are a- 10 -15 cm2 so that the rate for col-
maximum (FWHM)] laser pulse. At low intensity, lisional ionization by an initial population density
Eq. (A4) reduces to N =(alr)(FI1 2lr), or simply of 1012 cm- 3 is about l05 s -1 . This is small com-
the product of two absorption probabilities. The pared to the radiative decay rates of these states so
electrons created in this process are heated via su- that we may neglect ionization loss in writing the
perelastic collisions with the large density of excited rate equations for the excited-state populations.

ao
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For the population densities of the various levels Recombination is negligible while the NIP popula-
following the decay of the laser pulses, one writes tion is significant.

dN3p The Na n1 concentration at the end of the laser

dt A3pN 3p , pulse, Nn(r), is given by the solution of Eqs. (Al)
and (A4):

dN.t d ~A . , (A5) r, 2N3,(O)

d - N ,A N 1tr)= R" exp( -R jlr)sinh(R2 lr)dr R,

dN +
dt -(KlN 3p+K2,N, t)n, (A6)

where A., is the spontaneous radiative decay rate of Integrating Eqs. (A5) from t = r to oc, one sees that

the n1 level and KI, and K 2c are electron impact the ultimate electron density (ignoring diffusion and

ionization rates of the 3p and nl levels, respectively. recombination losses) is

(,n~r)exp N3t,(0) A--le + Knt r,-e WrihRIr A)

IIne =n,(~x 1 N,0 -_'± ~ LeRI~siinh(R4I7) (7
A 3 A,,, R2

where n,(r) is given by Eq. (A4). that of the initial electron density produced by the
Equation (A7) shows that the ultimate electron laser pulses. A prediction of the intensity depen-

concentration is given by the photoionization yield dence of Eq. (A7) requires a detailed knowledge of
n,(r) multiplied by an exponential factor which ac- the electron-impact ionization rates which depend
counts for electron-impact ionization of excited on electron temperature during the ionization pro-
atoms. This exponential factor depends on the ini- cess. The shape of the dependence of initial ion
tial Na 3p concentration, the electron-impact ioniza- yield on laser intensity, however, depends only on
tion rates, the radiative lifetimes of the excited the relative magnitudes of R1 and R2 which, in
states, and the degree of excitation of the 3p-nd turn, depend on the relative magnitudes of r 1 2 and
transition. a,. The discussion of the preceding paragraph

The exponential factor is independent of laser in- shows that it may be reasonable to expect this
tensity whenever dependence to be replicated in the final ion produc-

K, K2_, r2 1 tion. Approximate calculations of r1 2 and a, show
-- >> U- r 2 RIsinh(Rzlr) , (A8) that the photoionization step and resonant absorp-
A 3 P A., R tion step should be of comparable magnitudes and

which for an unsaturated transition (FI 21r<<l) approaching saturation.

N reduces to the condition Following the ionization process, collisional-
radiative recombination proceeds on a many-

, KIr K2c microsecond time scale,' 5 with the ions and elec-Ap> > -(Fr21r) . (A9)
A 3p A., trons recombining into excited levels of the neutral

Provided these conditions are satisfied, the depen- atom. Those excited atoms may then radiatively
dence of the ultimate electron density on the power decay, be collisionallv reionized, or be collisionally
and wavelength of the scanning laser is the same as excited-deexcited.
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Electron density measurements in a laser induced Na
plasma)
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Uniersity of Missourt-Rolla. Physics Department. Rolla. Missouri 65401
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The optical emission spectrum of a recombining Na plasma is observed. The shift and broadening of the

spectral line emission due to electron collisions is observed. Electron densities on the order of 5 x 10" cm

" are calculated from the shift measurements. The results agree well with electron densities obtained in the
same system from Saha plots of excited state densities.

I. INTRODUCTION wavelengths between 406 and 564 nm. At 406 nm, the
SThe electron density in a partially ionized plasma is photons have just sufficient energy to photoionize the 3p

amnatom. The bandwidth of the lasers is approximately
an important parameter in determining the properties
of the gaseous discharge. The current interest in dis- 0.4A(FWHM). The two laser beams are passed cot-

discharges, linearly through the Na cell and focused at the cell cen-
charge switches, high-power pulsed laser distc0.3mmdimteapos.Tegemeivrene
recombination lasers, and laser induced plasmas has ter to - 0.3 mm diameter spots. The beam divergences
made the determination of the electron density in pulsed were sufficiently small over the observation region that .madethe eteminaion f te elctro desityin plse

sa necessity, a very nearly cylindrical column of excited vapor is
systems created. The fluorescence at 900 to the axis of the ex-

A variety of techniques exist for the determination of cited region is observed by an S-20 photomultiplier cou-
the electron density in a decaying plasma; however, pled to a 0. 5 m Jarrell-Ash monochromator. The pho-

spectral measurements have the advantage that noncon- tomultiplier output is analyzed by a PAR 160 boxcar
tact observations can be made and small volumes sam- integrator, an SSR 1110 synchronous photon counter,
pled within small time intervals, or a Tek 5441 storage oscilloscope with a fast sampling

In this article we report the observation of spectral head. A schematic representation of the apparatus isshown in Fig. 1. -"
line shifts and broadening due to electron collisions in F 1.
a recombining Na plasma. From measurements of the
spectral line shifts, the electron density is calculated. ,,. EXPERIMENTAL OBSERVATIONS S

The electron density thus obtained is compared with A. Two photon processes
measurements inferred from Saha-Boltzmann plots of
the excited Na states in local thermodynamic equilibri- If the second laser is tuned to 406 nm, a sodium atom

can be ionized in a two photon, resonant absorption pro-
um with the electrons. These electron density mea- cs i h psae h ae neste n uscess via the 3p state. The laser intensities and pulse --
surements are also compared with charge removed from w4 dca~the plasma by an applied electric field. The plasma for widths (50 J, 4 as) do not produce more than a relative- '' -

ly small number (- 1012 cm-') of "seed" electrons via the
the experiment described here consists of a line charge photoionization process. However, collisional mecha-
of approximately 0.5 mm diameter with electron den- -nis io n droes popuaed, eclie sate a
sities up to 1015 cm 3 in a cell containing Na (- I Torr) nisms involving densely populated excited states and the ,,. %
sinies upro40 t ). m nacelcoseed electrons can lead to nearly complete ionization of
and argon (400 Torr). the Na vapor. This ionization mechanism has been dis-
II. EXPERIMENTAL APPARATUS cussed by Lucatorto and McIlratht and Measures and

Cardinal, 2 while energy pooling processes leading to

. The sodium atoms along with a rare-gas buffer are excited state populations in the early afterglow have
"4 contained in a stainless steel cross with sapphire win- been discussed by Bearman and Levanthal3 and Allegrini

dows. The structure is placed in an oven enabling tem- et al. 4 We have examined the kinetics of the energy
peratures up to 700 K to be obtained. The Na plasma pooling process and measured rate constants for the
is produced by laser excitation in a 2 or 3 photon ab- formation of the 4d, 5d, 6d, and 6s states by collisions
sorption process via the Na(3p) state. The buffer gas, between two Na(3p) atoms.5  .O
typically argon at several hundred Torr, is used to Optical emission from nd-3p transitions in Na in the
eliminate diffusion losses of ions, electrons, and ex- O:si mt i n
c a f e r n n nafterglow of the laser pulses under the conditions de-
coure atofs theexrimnt.e scribed above is observed. The individual transitions '": ~course of the experiment. " '.

are isolated with a monochromator. A PAR Boxcar
*'. Two tunable dye lasers pumped by a single N2 laser Integrator with an aperture of 20 ns is used to temporal- .'...-,

provided 4 as, 50 MJ pulses at two different frequencies. ly scan the wavelength isolated line. Figure 2 shows
One laser is tuned to excite one of the 32p sodium lev- the fluorescence intensity versus time in the afterglow
els at 589 nm while the second laser can be tuned to of the laser pulse for the 5d- 3p transition. The optical
_____________pulse consists of two components: A strong initial pulse

of approximately 100 ns duration followed by a rise and
')Work supported by the Office of Naval Research.

bPresent address: Mcl)onnell Douglas Co., St. Louis, NIO slow decay of the fluorescence. The early, fast corn-
63166. ponent is associated with excited state populations pro-
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monochromator scan of the emission produces the spec- trons. The line shifts due to electron collisions are
trum shown in Fig. 3. The monochromator detection rather extensively described by Griem, while Kielkopf
system is calibrated against an absolute standard lamp; and Knollenburg6 discuss line shifts of the Na 5d, 6d,
thus absolute intensity measurements of the transitions and 7d levels, due to collisions with argon atoms. In
along with radiative decay rates yield absolute excited order to determine the shifts associated with electron
state densities. Figure 4 is a plot of the absolute ex- collisions it is necessary to separate out the effects due ,
cited state density versus the excited state energy. to the buffer gas. At first glance, it would appear that

S". Levels within 0. 25 eV of the ionization limit appear to the perturbations due to the buffer gas could be isolated
be in local thermodynamic equilibrium with the elec- by measuring the shifts as a function of pressure and
trons. Applying the Saha equation extrapolating to zero pressure. However, the role of

4 /N* = (2gto./g*)(2TmkT,)31exp[ - (Et = -_E.)/kTe, )3/the buffer gas is to confine the excited state populations
and ion/electrons to the region defined by the laser

(1) beam. At buffer gas densities above approximately 400
one obtains the electron temperature T. and the electron Torr the major loss of electron/ion density is via col-
density n,. The electron temperature depends only on lisional-radiative recombination. At buffer gas densi-
relative intensities, while the electron density depends ties less than this, a reduction of the electron density

• .on an absolute calibration of the detection system. For by ambipolar diffusion becomes increasingly important.
the data shown in Fig. 4, we obtain T, =900 K and n. Consequently, varying the buffer gas pressure also
=3.4x 10" cm-s , 2.5 bts after the laser pulse. The changes the electron loss rate. We are thus forced to
density measurements are believed accurate within a devise an alternate technique.
factor of 3; the electron temperature is accurate to
within 10%. 1. Pressure shifts: Three photon absorption processes

~,jft In Sec. I B, the optical emission from the ionized
C. Line shtdicusion and results volume at times greater than 0. 5 ps after the laser

Shifts in the energies of the spectral lines emitted by pulse was described in terms of collisional-radiative 6
the Na plasma occur as a result of collisions of the ex- recombination processes. The excited, bound states .
cited Na atoms with both the heavy particles (noble-gas have lifetimes considerably shorter than the microsec-
buffer atoms) and/or the plasma electrons. If the col- ond time scale of Fig. 2. The excited states are either
lisional events leading to the excited state populations quenched radiatively or collisionally. Thus, any ex-
occur in the early afterglow where the electron density cited state fluorescence observed in the late afterglow
is small, any emission line shifts must be associated must have originated from the recombination of ions
with collisions of the excited state with the large den- and electrons. Since the excited states formed depend
sity of rare-gas buffer atoms. If, on the other hand, only on the details of the recombination process and
the fluorescence from excited states is observed late not on how the ions were originally produced, in the
in the afterglow where the electron density is large, late afterglow the integrated optical emission is propor-
the emission lines are broadened by both collisions tional to the number of ions fr med in the excitation-
with the buffer gas atoms and the large density of elec- ionization process.

J. Chem. Phys., Vol. 76, No. 6, 15 March 1982 -.
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FIG. 5. Scan of fluorescence yield vs the wavelength of the second, ionizing laser. The ionization limit corresponds to a wave-
length of 408 nni. Identical spectra are obtained if the ions/electrons are collected directly.

The excitation-ionization process leading to nearly getic electrons can now excite and/or ionize the sodium.

complete ionization can be understood in terms of the An excellent description of this process is given in

electron-seeding model proposed by Measures and Ref. 2.
Cardinal. 2 In this model, the presence of a small num- ".N

ber of seed electrons produced by photoionization and a If the second (blue) laser is tuned through a 3p-nd
densely populated excited state can lead to nearly sat- (ns) transition, the number of seed electrons produced
urated ionization. The reservoir of excited state atoms is proportional to the transition moment, the laser in-

is a source of energy which can be transferred to the tensity, and the photoionization cross section of the .

seed electrons in superelastic collisions. These ener- nd (ns) state. 2 The seed electron density in turn deter-
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V 0
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_J o high pressure cell due to
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mines the ultimate ion/electron density. If we observe D. Electron density from shift data "
the integrated emission from the interaction zone and Line shifts in Na due to collisions with electrons have-',
scan the frequency of the second laser, we obtain the been computed theoretically by Griem. ' In Fig. 9 the.-,
spectrum shown in Fig. 5. Since the excitation of the reutobandyGie aeexapledo90K
nd (ns) excited state takes place only during the 4 ns and an electron density of 6.8x 1014 cm -3 and shown as "

laser pulse, well before the ion/electron dniyrahs circles. A solid line connects the computed shfts to ...a
its peak (see Fig. 2), the shift of the spectral lines as ai h y.Tesur ons r h xeietl"--

observed while tuning the blue laser through a transition shifts we measure by the technique outlined in the pre- ! °'
isdeonly to the presence of the buffer gas. A higher ceding sections. A dotted line connects the experimen-,

resolution tracing as the laser is scanned through the tal points. The 900 K electron temperature was derived
3-dtransition at 439 nm is shown in Fig. 6. The ion from our Saha plots as described in Sec. IIIB. The

yield is recorded simultaneously in a cell with no buffer 6. 8x 1014 cm -s yields the best fit of the theoretical data 'a cel wt 00 orr of ron b r To com- of Grimo our xerimet ruts.

ponents appear in the high pressure scan representing
the 3P113 and 3P3 /2 levels which are collisionally mixed_______________I
at the high buffer gas pressures. The shift in the emis-
sion lines due to the Ar buffer at 400 Torr is then sim-"--
ply determined. -"

0+

2. Pressure and electron density shifts -8 4

I The recombination spectrum shown in Fig. 3 is ob- ,.
tamned by scanning the monochromator through the re- _--6 ,~-
spective transitions with the synchronous photon counter 'E +-':

an aperture of 1.0 Ms. This delay corresponds to the I.-4 TA.O

0I

maximum electron density, as indicated from Fig. 2. f t
The emission lines are thus shifted (and broadened) both an d

by collisions with electrons and the 400 Torr argon buf- .

fer. Figure 7 is a high-resolution monochromator scan - ,
of the 6d-3p transition under these conditions. th

In Fig. 8, we show the shifts for the 3p-a, 6d, and I
7d transitions obtained by (a) scanning the second dye 5 6 7K
laser through the transition and (b) scanning the mono-

chromator through the indicated transition. The differ- FIG. 8. Shift vs principal quantum number for 32
3 2 n 2 Dence in the shifts between the two curves is then due to transitions, as determined from scans of the plasma emission

the difference in the electron density under the two con- (+) and absorption measurements (hge) with . 43 amagat of
ditions. argon buffer. ,nt=

J. Chem. Phys., Vol. 76, No.6, 15 March 1982t-rughth



. . . . . . . .-- . . . .

172930 D. J. Krebs and L. D. Smhearer: Spectrum of a Na plasma
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'__ 0 .6 3.0 ' 01 C ha gt' txtaction "

'" '0- IV. SUMMARY

The electron density in a laser-excited Na plasma at
high buffer gas pressures has been measured in three

0.2 + different ways: (1) Saha-Boltzmann plots, (2) spectral
line shifts due to electron collisions, and (3) charge ex-

0.+ traction. -
00Tile results are summarized in Table 1. The laser

4d 5d 6d 7d excitation and cell conditions are identical in each case.

ENERGY LEVEL The Saha plots depend upon an absolute calibration of the

FIG. 9. Stark shift vs principal quantum number calculated detection system to determine the electron density and
by Griem for T. 10 000 K, n.e 6.8 x 101

4 
c

m 3 (+), T.7 900 K, is reliable only to within a factor of 3. The electron ..

n, 6.8 × 1014 cm
" 3 

(0); and experimental points (a). temperature, however, depends only a relative calibra-

tion which is accurate to I0'/L. The electron density

measurement from the charge extraction depends on.

some assumptions which appear to be reasonable but
E. Electron density measurements from charge could not be independently verified.

collection
Thus, despite the variation in the measured electron

An electric field applied across the interaction region densities shown in Table I, we regard the different
defined by the laser beams can be used to extract charge methods of obtaining the electron density as yielding
produced in the excitation-ionization process. At the satisfactory results. Both methods 1 and 2 are non-

electron densities of this experiment, the Debye shield- contact, nonperturbative methods. The spectral line .
ing length is less than the diameter of the reaction re- shifts are, however, far easier to determine with good

gion; consequently, the electric field does not penetrate precision.

completely into the line charge and only a small portion .. '
of the charge is collected by the electrodes. Those
electrons that are removed from the interaction volume
cannot, of course, participate in the recombination '(a) T
process. '(a) T. B. Lucatorto and T. J. Mclhrath, Phys. Rev. Lett.37, 428 (1976); (b) T. J. Mcllrath and 1'. 13. Lucatorto,

The application of a 100 V/cm electric field to the in- ibid. 38, 1390 (1977).
teraction volume reduces the integrated recombination 2R. M. Measures and P. G. Cardinal, IPhys. Rev. A 23, 804

fluorescence by approximately 20%. Equating this re- (1981).
3G. H. Bearnian and J. J. Lecvanthal, Phys. Rev. Lett. 41,

duction to the measured charge collected at the elec- 122 H .

trodes, we find that the electron density of the laser- 41*l. Allegrini, G. Alzetta, A. Kopystynska, L. Moi, and G.
induced plasma is 3 x 1014 cm-3 . Orriols, Opt. Commun. 19, 96 (1976).

The results obtained in this section are intended to be 5D. Krebs and L. I). Schearer, J. Chem. Phys. 75, 3340

(1981).
suggestive only and are included only because the elec- 6J. F. Kielkopt and R. B. Knollenburg, Phys. Rev. A 12,
tron densities obtained agree within reasonable expec- 559 (1975).
tations with the electron density measurements obtained H. R. Griem, Plasma Spectroscopy (McGraw-Hill, New York,

from the line shift data and the Saha-Boltzmann plots. 1964).
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